Introduction
Rapidly solidified Nb-Ni 1) and Ni-Zr 2, 3) alloys are known to have an amorphous phase in their wide composition ranges. Aoki et al. have examined hydrogen absorption properties of rapidly solidified Ni-Zr alloys, in addition to the formation range of an amorphous phase.
3) It has also been reported that the amorphous Ni-Zr alloys exhibit useful properties such as high efficient catalytic characteristics for hydrogenation of carbon monoxide 4, 5) and hydrogenation of benzene, 6) and hydrogen permeable membrane. 7) Recently, Inoue et al. have found that Ni-based bulk glassy alloys with a large supercooled liquid region before crystallization are formed in the Ni-Nb-Ti-Zr system. 8) It is well known that Nb and Zr metals exhibit high hydrogen permeability. 9) It is therefore expected that Ni-Nb-Zr alloys with glassy or amorphous phase are formed in a wide composition range by rapid solidification and exhibit high hydrogen permeability. In this paper we have investigated the formation ranges of glassy and amorphous phases in the rapidly solidified NiNb-Zr alloys and their thermal stability and mechanical properties.
Experimental Procedure
Ternary Ni-Nb-Zr alloy ingots were prepared by arc melting mixtures of pure Ni, Nb and Zr metals with desired compositions in a purified argon atmosphere. Ribbons of about 20, 25 and 40 mm in thickness and about 1.5 and 50 mm in width were prepared by a single roller melt-spinning technique in an argon atmosphere. The structure of the meltspun ribbons was examined by X-ray diffractometry (Cu-K, 35 kV, 15 mA). Thermal stability such as glass transition temperature (T g ), crystallization temperature (T x ), supercooled liquid region (ÁT x ¼ T x À T g ) and the crystallization process was examined by at a heating rate of 0.67 K/s by differential scanning calorimetry (DSC). The tensile fracture strength was measured at a strain rate of 8 Â 10 À4 s À1 with an Instron-type testing machine. The hardness was also measured by a Vickers microhardness tester with a load of 25 g.
Results
We examined the formation tendency of an amorphous phase in rapidly solidified Ni-Nb-Zr alloys where Zr was added to the well-known amorphous Ni 50 Nb 50 alloy. Figure 1 shows X-ray diffraction patterns of the rapidly solidified (Ni 0:5 Nb 0:5 ) 100Àx Zr x (x ¼ 10, 20, 30, and 40 at%) alloys. Only broad diffraction peaks are seen for all the alloys, indicating the formation of a single amorphous phase. It is recognized that the diffraction angle (2) of the main broad peak shifts to a lower angle side with an increase of Zr concentration because of the larger atomic size of Zr. Figure  2 shows the composition range in which amorphous Ni-NbZr alloys are formed by rapid solidification, together with the previous data of Ni-Zr binary alloys.
3) The amorphous phase is formed in a wide composition range of 20 to 75 at%Ni, 0 to 60 at%Nb and 0 to 80 at%Zr. Figure 3 shows differential scanning calorimetric (DSC) curves of the amorphous Ni 60 Nb 40Àx Zr x (x ¼ 10, 20, and 30 at%) alloys. Here T g and T x denote the glass transition temperature and crystallization temperature, respectively. The DSC data indicate clearly that Figure 4 summarizes the composition range of the glassy-type alloys. The glassy alloys are formed in the composition range of 50 to 70 at%Ni, 5 to 35 at%Nb and 5 to 45 at%Zr. Figure 5 shows the composition dependence of T x and ÁT x of the glassy Ni-Nb-Zr alloys. T x and ÁT x are in the ranges from Figure 7 shows the composition dependence of H v and f of the glassy Ni-Nb-Zr alloys. 
Discussion
Inoue et al. have produced a great number of bulk glassy alloys and found that the bulk glassy alloys have the following three component rules: 10) 1) multi-component system consisting of more than three elements, 2) significantly different atomic size ratios above about 12% among the main constituent elements, and 3) negative mixing enthalpy among their elements. Table 1 summarizes atomic size ratios 11) and mixing enthalpies 12) of the constituent elements in Ni-Nb-Zr system. The glassy Ni 60 Nb 20 Zr 20 alloy exhibits the largest supercooled liquid region of 51 K.
As seen in Table 1 , the above second rule is satisfied between the elements in the Ni-Nb-Zr alloys. On the other hand, mixing enthalpy between the pairs of Ni-Nb and Ni-Zr is negative, but that between Nb-Zr is positive. Recently, Takeuchi and Inoue 13) have carried out the thermodynamical calculations of the mixing enthalpy for 6450 alloys in 351 ternary amorphous systems on the basis of the extended Thermal Stability and Mechanical Properties of Glassy and Amorphous Ni-Nb-Zr Alloys Produced by Rapid Solidification 1169 regular solution model. 14) Their results show that the chemical mixing enthalpies of most of them are able to be negative, even in the alloys in which mixing enthalpies between two pairs of constituent elements are negative and that between one pair is positive. According to their model, the chemical mixing enthalpy is estimated to be À37:3 kJÁmol À1 for Ni 60 Nb 20 Zr 20 alloy, supporting the above third rule.
When the glassy Ni-Nb-Zr alloys with high hydrogen permeability are used as a hydrogen permeable membrane, the glassy alloys must have a wide ribbon form. It is known that the wide ribbons can be prepared at lower cooling rate (low circumferential velocity of the copper roller) in a single roller melt-spinning technique. Figure 8 shows the X-ray diffraction patterns of the melt-spun (Ni 0:5 Nb 0:5 ) 100Àx Zr x alloy ribbons with a width of about 1.5 mm and a thickness of about 40 mm which were prepared at the circumferential velocity of 20 m/s. When the Zr content exceeds 20 at%, broad diffraction peaks due to an amorphous phase are seen. We further prepared amorphous Ni 42 Nb 28 Zr 30 (a) and glassy Ni 60 Nb 20 Zr 20 (b) alloy ribbons of 50 mm in width and 25 mm in thickness as shown in Fig. 9 . Figure 10 shows X-ray diffraction patterns of both the wide ribbons. It is seen that they have amorphous and glassy phases. The 50 mm for the ribbons is the maximum value which can be produced by using the present single roller equipment in our laboratory. The formation of wide amorphous and glassy alloy ribbons also indicates that the Ni-Nb-Zr alloys liquids have good cast ability in the melt-spinning process.
Summary
We examined the structure, thermal stability and mechanical properties of the rapidly solidified Ni-Nb-Zr alloys. The results obtained are summarized as follows:
(1) Amorphous alloys in Ni-Nb-Zr system were formed in a wide composition range of 20 to 75 at%Ni, 0 to 60 at%Nb and 0 to 80 at%Zr. 
